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High-energy antinucleus-nucleus collisions are studied in the extended multi-
chain model. The event probability of inclusive process is calculated by means
of the operator matrix in the moment space. Analytic forms for single-particle
distribution of inclusive process are derived.
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1 Introduction
Recently, the rapidity distributions of the charged particles and the ratios of
the numbers of anti-hadrons to hadrons in nucleus-nucleus collisions have been
investigated at SPS[1,2] and RHIC[3]. Also, the possibility of the formation of a
quark-gluon plasma state has been studied very intensively.
The nucleon-nucleus(N -A) and nucleus-nucleus(A-A) collisions have been stud-
ied from the multiple-scattering view[4,5,6]. The basic view of the multi-chain
model(MCM) was discussed in [7]. Kinoshita etal. investigated this view in detail
and succeeded phenomenologically to reproduce the old data on the multiplicity
and the inclusive spectra of the leading nucleon and secondary particles etc. in
collisions of N -A[8] and A-A[9,10]. In MCM[11], it is assumed that the nucleon-
nucleon(N -N) interaction is considered as a exchange of one multi peripheral chain
from which secondary hadrons are emitted as shown in Fig.1. However, it was dif-
ficult to perform analytical calculation for A-A collisions because of the complexity
of the general formula in resolving the full combination of chain configuration. Also,
1Now, Emeritus Professor of Ibaraki University
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Fig. 1: MCM for A-B collision with A = 2 and B = 3. Wavy lines
represents the inelastic N -N interaction, namely, N+N → N+N+hadrons.
the probabilistic approach[12] and the leading cluster cascade model with a recur-
rence equation[13] were studied for N¯ -A collisions. The essential point of MCM
with successive collisions is that the number of N -N collision is equal to the mass
number of nucleus A. Namely, nucleus looks as if nucleons in nucleus stand in a
line.
In previous paper[14], we investigated the extended MCM(EMCM) on the ba-
sis of MCM with successive collision[15] and estimated the full combinations of
chain configuration in terms of the vector-operator method in the moment space by
consulting the Mellin transformation[13]. We derived the analytic forms for single-
particle distributions in A-A collisions. This approach may apply to the N¯ -A, but
does not extend to A¯-A collisions.
In this paper, we propose the new EMCM, namely, a unified treatment of N -A,
N¯ -A, A-A and A¯-A collisions. We introduce the concept of the operator matrix in
the moment space to characterize these collisions. By means of the operator matrix,
we calculate the single-particle distribution of the inclusive process A+B → C+X .
We assume the dynamics to scale with energy. A nucleus is treated as a set of
mutually independent nucleons. The cascading of the produced hadrons is neglected
owing to the long formation length in nucleus. Also, the longitudinal motion is
treated. The transverse momentum distribution is assumed to be independent of
incident energy and longitudinal momentum.
In Section 2, the EMCM are investigated and the vector-operator formalism
in the moment space is given. The operator matrix is introduced to treat the
A-A collision and the calculation method is given. In Section 3, the structure of
N¯ -N collision is studied. The single-particle distributions of N¯ -A collisions are
investigated and their analytic forms are derived. In Section 4, A¯-A collisions are
studied. In Section 5, conclusion and discussion are given. The definition and
properties of operator matrix are given in Appendix.
2 Extended multi-chain model
2.1 Moment space and vector-operator notation
We consider A-B collisions. The mass numbers of the projectile nucleus A and
target nucleus B are A and B, respectively. We pay attention to the single-particle
distribution of the inclusive process A+B → C +X(ρABC (x)) defined by
ρABC (x) = x
dσ(A +B → C +X)
dx
, (1)
where C is the produced hadron and x denotes the longitudinal momentum frac-
tion(Feynman variable). We express the projectile(target) fragmentation regions
as x > 0 ( x < 0 ).
We assume that a nucleus is treated as a set of mutually independent nucleons.
By the Mellin transformation of Eq.(1), the moment ρABC (α) is defined by
ρABC (α) =
∫ 1
0
dxxα−2ρABC (x). (2)
The inverse Mellin transformation is defined by ρABC (x) =
1
2pii
∫ τ+i∞
τ−i∞ dαx
1−αρABC (α).
Here, we employ a vector-operator notation[15]. The operator ρˆAB(α) in the mo-
ment space is defined by
< C|ρˆAB(α)|N >= ρABC (α),
where < C| denotes the produced hadrons in the final state and |N > denotes the
nucleon state in the projectile nucleus A or the target nucleus B.
2.2 A-B collisions and operator matrix Qˆ
AB
(~b, α)
The A-B collision is characterized by the N -N collisions between the nucleon
in nucleus A and the nucleon in nucleus B. The peripheral reaction N + N →
N+N+hadrons is considered whereN in the final state denotes the leading nucleon.
In the MCM with successive collisions, the nucleon in nucleus A successively collides
with the nucleons in nucleus B.Then, the collison number of times is limited to B
and vice versa. Thus, the total collision number in A-B collision is AB.
We treat the A-B collision at the impact parameter ~b and in the moment space
α. We introduce the operator Qˆij(~b, α) to denote the probability in the impact
parameter ~b and the longitudinal momentum fraction distribution in the moment
space of the collision between the i-th nucleon in A and the j-th nucleon in B where
i = 1, 2, . . . , A and j = 1, 2, . . . , B. The operator matrix QˆAB(
~b, α) to characterize
the total structure of A-B collisions, is defined by the rectangular or square array
of the operators Qˆij(~b, α) with A rows and B columns
QˆAB(
~b, α) =


Qˆ11(~b, α) Qˆ12(~b, α) · · · Qˆ1B(~b, α)
...
...
. . .
...
QˆA1(~b, α) QˆA2(~b, α) · · · QˆAB(~b, α)

 . (3)
By the means of the calculus of operator matrix given in Appendix, we may derive
the informations on the single-particle distributions of A + B → C + X by the
sum decomposition rules defined in Appendix from QˆAB(
~b, α). Namely, we use the
sum of the products of the row elements(Spr) and the sum of the products of the
column elements(Spc) for QˆAB(
~b, α) in regions of x > 0 and x < 0, respectively.
The calculus of operator matrix gives the convenience of calculating the probability
of one event in A-B collision. For example, this operator matrix of the A-B collision
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Fig. 2: EMCM for A-B collision with A = 3 and B = 4. The intersection
points represent N -N collision(•). The solid lines denote nucleon(N).
with A = 3 and B = 4 is shown by the diagram in Fig.2 in stead of Fig.1. The
intersection point in the diagram denotes the N -N collision between the nucleon in
A and the nucleon in B. It is assumed that the time of the i-th nucleon in A and
the j-th evolve from QˆiB(~b, α) to Qˆi1(~b, α) and from QˆAj(~b, α) to Qˆ1j(~b, α) in Fig.2,
respectively. The ordering of the operator Qˆij(~b, α) obeys this time-evolution.
2.3 Single-particle distribution in A-B collisions
We consider the inclusive reaction A+B → N+X where N denotes the leading
nucleon. We introduce the operator Qˆ0(~b, α) defined by
Qˆ0(~b, α) = η(~b) ˆG(α) + λ(~b)Jˆ(α). (4)
for N -N collisions in nucleus. Here, λ(~b) = σNNinel
∫
d~s
∫
d~tTA(~s)TB(~t)δ
2(~b + ~s − ~t)
where σNNinel is the inelastic cross section ofN -N collisions. Also, TA(~s) and TB(~t) are
the normalized nuclear thickness functions of nucleus A and nucleus B, respectively.
The λ(~b) denotes the inelastic interaction probability while the η(~b) expresses the
passing-through probability(η(~b)+λ(~b) = 1 owing to the probability conservation).
Operators Gˆ(α) and Jˆ(α) characterize the momentum fraction distributions as
defined [Gˆ(α), Jˆ(α)] = 0 and Gˆ(α) = 1. The operator Jˆ(α) expresses the inelastic
interaction of N -Ncollisions. By considering both operators Gˆ(α) and Jˆ(α), we
may calculate full combinations of the chain configurations with ease. In fact, it
corresponds to MCM with two kinds of chain.
In this case, the elements of the operator matrix with A rows and B columns
are given by Qˆij(~b, α) = Qˆ0(~b, α) where i = 1, 2, . . . , A and j = 1, 2, . . . , B, and
hence
QˆAB(
~b, α) =


Qˆ0(~b, α) Qˆ0(~b, α) · · · Qˆ0(~b, α)
...
...
. . .
...
Qˆ0(~b, α) Qˆ0(~b, α) · · · Qˆ0(~b, α)

 . (5)
We pay attention to the projectile fragmentation regions(x > 0) and thus sum
the products of the row elements of Eq.(5). ¿From Eq.(56) in Appendix, we get
SprQˆAB(
~b, α) = A(η(~b) + λ(~b))AB−B(Qˆ0(~b, α))
B . (6)
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Furthermore, we use the relation [Gˆ(α), Jˆ(α)] = 0. Eq.(6) reduces to
SprQˆAB(
~b, α) = A
AB−B∑
k=0
(
AB −B
k
)
η(~b)AB−B−kλ(~b)k
×
B∑
l=0
(
B
l
)
η(~b)B−lλ(~b)l(Gˆ(α))B−l(Jˆ(α))l,
= A
AB∑
m=0
Pm(AB;~b)
B∑
l=0
H(l;AB,m,B)(Gˆ(α))B−l(Jˆ(α))l, (7)
where Pm(AB;~b) is the Glauber probability and H(l;AB,m,B) is the hypergeo-
metric distribution. They are defined by
Pm(AB;~b) =
(
AB
m
)
η(~b)AB−mλ(~b)m, H(l;AB,m,B) =
(
AB −m
B − l
)(
m
l
)
(
AB
B
) .
¿From the Glauber probability, we obtain the inelastic cross section of A-B collision
given by
σABinel =
∫
d~b
AB∑
m=1
Pm(AB;~b) =
∫
d~b[1− (1− λ(~b))AB ]
and the averaged collision number n¯ = ABσNNinel/σ
AB
inel.
The matrix elements of the leading nucleon N in the final state, is defined by
< N |Jˆ(α)|N >=
1
σNNinel
< N |ρˆNN(α)|N >≡ F (α), (8)
where < N | and |N > denote the leading nucleon state and the nucleon state in the
initial nucleus A or B. By the inverse Mellin transformation, the fraction functions
F (x) is given by
F (x) =
1
2πi
∫ τ+i∞
τ−i∞
dαx1−αF (α), (9)
where F (x) is normalized to unity, namely,
∫ 1
0
dx
x F (x) = 1.
The distribution QABN/N(
~b, α,A) in the projectile fragmentation regions(A side)
is defined by
QABN/N (
~b, α,A) =< N |SprQˆAB(
~b, α)|N > . (10)
When we put Gˆ(α) = 1, from Eqs.(7), (8) and (10), we get
QABN/N(
~b, α,A) = A
AB∑
m=0
Pm(AB;~b)
B∑
l=0
H(l;AB,m,B)F (α)l. (11)
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By means of the inverse Mellin transformation of Eq.(11) except for the passing-
through terms, the single-particle distribution of A+B → N +X for the projectile
fragmentation regions(x > 0) is given by
ρABN (x) =
∫
d~bA
AB∑
m=1
Pm(AB;~b)
B∑
l=1
H(l;AB,m,B)F (l)(x) (12)
with
F (l)(x) =
∫ 1
x
dy
y
F (
x
y
)F (l−1)(y) with F (0)(y) = δ(1− y). (13)
Eq.(12) agrees with the result discussed in [14]. From Eq.(12), we get the inelastic
cross section given by σABinel =
1
A
∫
dx
x ρ
AB
N (x) =
∫
d~b[1 − (1 − λ(~b))AB ]. Similarly,
we may investigate the N -A collisions and get the same result as the one in [14].
3 Single-particle distributions in N¯-A collisions
3.1 Structure of N¯-N collision in nucleus
We consider the N¯ -N collision in nucleus. In this case, we must introduce
the annihilation interaction between N¯ and N . Then, the leading meson(ML) is
produced by the annihilation interaction as N¯+N →ML+ML+hadrons. Thus, we
newly consider ML-N(N¯) collisions and ML-ML collisions in nucleus. We consider
the peripheral reactions ML + N(N¯) → ML + N(N¯)+hadrons and ML +ML →
ML+ML+hadrons, but neglect the non-peripheral reactionML+N(N¯)→ N(N¯)+
ML+hadrons because of its small probability. We introduce the following operator
set:
(i) N¯ -N collision
(a) Qˆn(~b, α) = ηn(~b)Gˆn(α) + λn(~b)Jˆn(α) for non-annihilation collision,
(b) λa(~b)Aˆ(α) for annihilation interaction,
where η(~b)n+λ(~b)n+λa(~b) = 1. Also,
∫
d~bλn(~b) = σ
N¯N
non and
∫
d~bλa(~b) = σ
N¯N
an
where σN¯Nnon is the non-annihilation cross section and σ
N¯N
an is the annihilation
cross section in N¯ -N collision.
(ii) ML-N(N¯) collision
(c) QˆL(~b, α) = ηL(~b)GˆL(α) + λL(~b)JˆL(α) for inelastic collision,
where η(~b)L + λ(~b)L = 1 and
∫
d~bλL(~b) = σ
MLN(N¯)
inel .
(ii) ML-ML collision
(d) Mˆ0(~b, α) = ηm(~b)Gˆm(α) + λm(~b)Jˆm(α) for inelastic collision,
where η(~b)m + λ(~b)m = 1 and
∫
d~bλm(~b) = σ
MLML
inel .
The operators Gˆn(α), GˆL(α) and Gˆm(α) denote the passing-through. The
annihilation operator Aˆ(α) is not commutable with Qˆn(~b, α) and QˆL(~b, α). The
operator ordering of Aˆ(α) is in front of QˆL(~b, α) and at the back of Qˆn(~b, α).
Notice that [Gˆn(α), Jˆn(α)] = 0, [GˆL(α), JˆL(α)] = 0 and [Gˆm(α), Jˆm(α)] = 0. Also,
we define
< N¯ |Jˆn(α)|N¯ >=< N |Jˆn(α)|N >= F¯ (α),
< ML|Aˆ(α)|N¯ >=< ML|Aˆ(α)|N >= A(α),
6
❍✟
❆✁
❆✁
❆✁ ❆✁❆✁
❆✁❆✁
❆✁
❆✁
❆✁
❆✁
❞ t t t
1 2 3 A
ML
N N MLN N N
✄
✂
 
✁
(x < 0)
(x > 0)
N¯
A
Fig. 3: Diagram for the annihilation term in N¯ -A collision. The intersection
points represent ML-N collision(✷), N¯ -N collision(•) and annihilation in-
teraction of N¯ -N collision(◦). The solid and dashed lines denote nucleon(N)
and leading meson(ML), respectively.
< N¯ |JˆL(α)|N¯ >=< N |JˆL(α)|N >= N(α),
< ML|JˆL(α)|ML >= L(α), < ML|Jˆm(α)|ML >=Mm(α)
and the others of matrix element are zero. These functions in x space are normalized
to unity as F (x).
3.2 N¯-A collisions
We investigate N¯ -A collisions at the impact parameter ~b. We treat the inclusive
processes of N¯ +A→ N¯ +X and ML+X for the projectile fragmentation regions
of N¯(x > 0) and the inclusive processes of N¯ + A → N +X and ML +X for the
target fragmentation regions of A(x < 0). The N¯ -N and ML-N(N¯) collisions in
the operator set contribute to N¯ -A collisions. The operator matrix QˆN¯A(
~b, α) with
one row and A columns to characterize N¯ -A collisions at the impact parameter ~b
and in the moment space, is given by
QˆN¯A(
~b, α) = Qˆ
I
N¯A(
~b, α) + Qˆ
II
N¯A(
~b, α), (14)
where Qˆ
I
N¯A(
~b, α) and Qˆ
II
N¯A(
~b, α) denote the non-annihilation and annihilation terms,
respectively. They are given by
Qˆ
I
N¯A(
~b, α) = [Qˆn(~b, α), · · · , Qˆn(~b)︸ ︷︷ ︸
A
], (15)
Qˆ
II
N¯A(
~b, α) =
A−1∑
l=0
λa(bˆ)[QˆL(~b, α), · · · , QˆL(~b, α)︸ ︷︷ ︸
l
, Aˆ(α), Qˆn(~b, α), · · · , Qˆn(~b, α)︸ ︷︷ ︸
A−l−1
]. (16)
The diagram for the annihilation term in N¯ -A collision is shown in Fig.3.
(1) N¯+A→ N¯+X andML+X for the projectile fragmentation regions(x > 0)
7
We apply the sum decomposition rule of Eq.(52) in Appendix to QˆN¯A(
~b, α).
¿From Eq.(15), we have
SprQˆ
I
N¯A(
~b, α) = (Qˆn(~b, α))
A =
A∑
m=0
P¯m(A;~b)(Jˆn(α))
m, (17)
where P¯m(A;~b) =
(
A
m
)
ηn(~b)
A−mλn(~b)
m and then Gˆ(α) = 1.
From Eq.(16), we have
SprQˆ
II
N¯A(
~b, α) =
A−1∑
l=0
λa(~b)(QˆL(~b, α))
lAˆ(α)(Qˆn(~b, α))
A−l−1
=
A−1∑
l=0
l∑
s=0
A−l−1∑
t=0
λa(~b)P
L
s (l;
~b)P¯t(A− l − 1;~b)(JˆL(α))
sAˆ(α)(Jˆn(α))
t, (18)
where PLs (l;
~b) =
(
l
s
)
ηL(~b)
l−sλL(~b)
s and then GˆL(α) = Gˆn(α) = 1.
Taking the < N¯ | . . . |N¯ > matrix element of Eq.(17), we obtain
ρN¯AN¯ (x) =
∫
d~b
A∑
m=1
P¯m(A;~b)F¯
(m)(x), (19)
where the passing-through term is omitted. Eq.(19) agrees with the result in [12].
Similarly, taking the < M¯L| . . . |N¯ > matrix element of Eq.(18), we get
ρN¯AML (x) =
∫
d~b
A−1∑
l=0
l∑
s=0
A−l−1∑
t=0
λa(~b)P
L
s (l;
~b)P¯t(A− l − 1;~b)
×
∫ 1
x
dy1
y1
∫ 1
y1
dy2
y2
∫ 1
y2
dy3
y3
L(s)(
x
y1
)A(
y1
y2
)F¯ (t)(y3), (20)
where L(s)(x) and F¯ (t)(x) are defined in a similar form of Eq.(13). From Eq.(19),
we get
σN¯Anon =
∫
dx
x
ρN¯AN¯ (x) =
∫
db¯[(1 − λa(~b))
A − (1 − λn(~b)− λa(~b))
A].
(2) N¯ +A→ N +X and ML +X for the target fragmentation regions(x < 0)
We apply the sum decomposition rule of Eq.(53) in Appendix to QˆN¯A(
~b, α)
¿From Eq.(15), we have
SpcQˆ
I
N¯A(
~b, α) = A(1− λa(~b))
A−1Qˆn(~b, α). (21)
From Eq.(16), we have
SpcQˆ
II
N¯A(
~b, α) =
1
λa(~b)
[1− (1− λa(~b))
A − λa(~b)A(1 − λa(~b))
A−1]Qˆn(~b, α)
8
+ [1− (1− λa(~b))
A]Aˆ(α) +
1
λa(~b)
[(1− λa(~b))
A−1 +Aλa(~b)− 1]QˆL(~b, α). (22)
Taking the < N | . . . |N > matrix element of Eqs.(21) and (22) except for the
passing-through terms, we have
ρN¯AN (x) =
∫
d~b{
λn(~b)
λa(~b)
[1− (1− λa(~b))
A]F¯ (x)
+
λL(~b)
λa(~b)
[(1 − λa(~b))
A−1 +Aλa(~b)− 1]N(x)}. (23)
While we take the < ML| . . . |N > matrix element of Eq.(22), we get
ρN¯AML (x) =
∫
d~b [1− (1− λa(~b))
A]A(x). (24)
From Eq.(24), we get
σN¯Aan =
∫ 1
0
dx
x
ρN¯AML (x) =
∫
~b[1− (1− λa)
A].
Thus, we obtain σN¯Ainel = σ
N¯A
non + σ
N¯A
an =
∫
d~b[1− (1 − λn(~b)− λa(~b))
A].
4 Single-particle distributions in A¯-A collisions
4.1 Example(D¯-D collisions)
We consider D¯-D collisions with A¯ = A = 2 in order to show the gross features
of A¯-A collisions. All mechanisms in the operator set((a),(b),(c) and (d)) contribute
to A¯-A collisions. In the following discussions, we omit the arguments ~b and α for
simplicity. We consider the projectile fragmentation regions of D¯(x > 0). We
obtain the seven mechanisms as follows;
(1) Non-annihilation interaction term
Spr
[
Qˆn Qˆn
Qˆn Qˆn
]
= 2(1− λa)
2Qˆ2n. (25)
(2) Annihilation terms of order λa
Spr
[
Aˆ Qˆn
Qˆn Qˆn
]
= λa[(1 − λa)
2AˆQˆn + (1 − λa)Qˆ
2
n], (26)
Spr
[
QˆL Aˆ
Qˆn Qˆn
]
= λa[(1− λa)
2QˆLAˆ+ Qˆ
2
n], (27)
Spr
[
QˆL Qˆn
Aˆ Qˆn
]
= λa(1− λa)[QˆLQˆn + AˆQˆn], (28)
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Fig. 4: Diagram for Eq.(31) in D¯-D collision. The intersection points
represent ML-ML collision(×), N¯ -N collision(•) and N¯ -N annihilation
interaction(◦). The solid and dashed lines denote nucleon(N) and leading
meson(ML), respectively.
Spr
[
Qˆn QˆL
QˆL Aˆ
]
= λa[QˆnQˆL + (1 − λa)QˆLAˆ]. (29)
(3) Annihilation terms of order λ2a
Spr
[
Aˆ QˆL
QˆL Aˆ
]
= λ2a[AˆQˆL + QˆLAˆ], (30)
Spr
[
Mˆ0 Aˆ
Aˆ Qˆn
]
= λ2a[(1− λa)Mˆ0Aˆ+ AˆQˆn], (31)
where the relations ηL + λL = 1 and ηm + λm = 1 are used. The diagram for
Eq.(31) in D¯-D collision is shown in Fig.4.
4.2 Generalization
We investigate A¯-A collisions characterized by QˆA¯A(
~b, α) with A rows and A
columns.
(α) Non-annihilation term
The non-annihilation term in A¯-A collisions is characterized by Qˆ
n
A¯A(
~b, α). Its
elements Qˆnij with i = 1, 2, . . . , A and j = 1, 2, . . . , A are given by
Qˆnij = Qˆn, i = 1, 2, . . . , A and j = 1, 2, . . . , A. (32)
Then we get
SprQˆ
n
A¯A = Spr[Qˆ
n
ij ] = A(1− λa)
A2−A(Qˆn)
A. (33)
Taking the < N¯ | . . . |N¯ > matrix element of Eq.(33) except for the passing-through
term, we get the contribution of the non-annihilation term to the single-particle
distribution of A¯+A→ N¯ +X(x > 0) as follows;
ρA¯AN¯,n(x) =
∫
d~bA
A2∑
m=1
P¯m(A
2;~b)
A∑
l=1
H(l;A2,m,A)F (l)(x). (34)
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This form is similar to Eq.(12) for A + B → N + X(x > 0). From Eq.(34), the
non-annihilation cross section is given by
σA¯Anon =
1
A
∫
d~b
∑
P¯m(A
2;~b) =
∫
d~b[(1− λ(~b))A
2
− (1− λn − λa(~b))
A2 ].
(β) Annihilation terms of order λa
If the annihilation operator Aˆ is at the k-th row and l-th column and its operator
matrix is given by Qˆ
a1
A¯A(k, l), the elements Qˆ
a1
ij (k, l) with i = 1, 2, . . . , A and j =
1, 2, . . . , A of Qˆ
a1
A¯A(k, l) are given by
Qˆa1ij (k, l) =


Aˆ, i = k and j = l,
QˆL, i = 1, 2, . . . , k − 1 with j = l and j = 1, 2, . . . , l − 1
with i = l,
Qˆn, otherwise.
(35)
Then, from Eq.(52) in Appendix, we get
SprQˆ
a
A¯A = λa[(k − 1)(1− λa)
ω+2(Qˆn)
l−1QˆL(Qˆn)
A−l
+ (1 − λa)
ω+l+1(QˆL)
l−1Aˆ(Qˆn)
A−l + (A− k)(1− λa)
ω+1(Qˆn)
A], (36)
where ω = A2 −A− k − l.
If the annihilation term of order λa is characterized by Qˆ
a
A¯A, we get the relation
Qˆ
a1
A¯A =
∑A
k=1
∑A
l=1 Qˆ
a1
A¯A(k, l).
¿From the first term and third term in right-hand side of Eq.(36), the contri-
bution of the annihilation term of order λa to the single-particle distribution of
A¯+A→ N¯ +X(x > 0) is given by
ρA¯AN¯,a1(
~b, α) = (1− λa)
A2−2A+2[A+
1
λa
(1−
1
1− λAa
)]
A∑
l=1
l−1∑
s=0
A−l∑
t=0
P¯s(l − 1;~b)
×P¯t(A− l;~b)
1
(1 − λa)l
(F¯ (α))s(ηL + λLN(α))(F¯ (α))
t +
1
λ2a
(1− λa)
A2−3A+2
× [1− (1 − λa)
A][1 + (A− 1)(1− λa)
A −A(1 − λa)
A−1]
A∑
m=1
P¯m(A;~b)(F¯ (α))
m, (37)
where the passing-through term is omitted.
¿From the second term in right-hand side of Eq.(36), the contribution of the
annihilation term of order λa to the single-particle distribution of A¯+A →ML +
X(x > 0) as follows;
ρA¯AM¯L,a1(
~b, α) =
A∑
k=1
A∑
l=1
λa(1− λa)
A2−A−k+1 < ML|(QˆL)
l−1Aˆ(Qˆn)
A−l|N¯ >,
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= (1− λa)
A2−2A+1[1− (1− λa)
A]
A∑
l=1
l−1∑
s=0
A−l∑
t=0
PLs (l − 1;
~b)P¯t(A− l;~b)
× (L(α))sA(α)(F¯ (α))t. (38)
(γ) Annihilation terms of order λ2a
In this case, the annihilation collision of order λ2a is characterized by Qˆ
a2
A¯A(k, l; k
′, l′)
and Qˆ
a2
A¯A(k, l
′; k′, l). The elements of Qˆa2ij (k, l; k
′, l′) of Qˆ
a2
A¯A(k, l; k
′, l′) are given by
Qˆa2ij (k, l; k
′, l′) =


Aˆ, i = k, j = l and i = k′, j = l′,
QˆL, i = 1, 2, . . . , k − 1 with j = l, j = 1, 2, . . . , l − 1
with i = k, i = 1, 2, . . . , k′ − 1 with j = l′
and j = 1, 2, . . . , l′ − 1with i = k′,
Qˆn, otherwise,
(39)
where k < k′ and l < l′. Then we get
SprQˆ
a2
A¯A(k, l; k
′, l′) = λ2a[(k − 1)(1− λa)
Ω−l−l′ (Qˆn)
l−1QˆL(Qˆn)
l′−l−1QˆL(Qˆn)
A−l′
+(1− λa)
Ω−l′+3(QˆL)
l−1Aˆ(Qˆn)
l′−l−1QˆL(Qˆn)
A−l′
+(k′ − k − 1)(1− λa)
Ω+A−l−l′+1(Qˆn)
l−1QˆL(Qˆn)
lA−l
′
+ (1− λa)
Ω−l+2(QˆL)
l′−1Aˆ(Qˆn)
A−l′ + (A− k′)(1− λa)
Ω−l′−l+2(Qˆn)
A], (40)
where Ω = A2−A−k−k′. While, the elements of Qˆa2ij (k, l
′; k′, l) of Qˆ
a2
A¯A(k, l
′; k′, l)
are given by
Qˆa2ij (k, l
′; k′, l) =


Aˆ, i = k, j = l′ and i = k′, j = l,
Mˆ0, i = k and j = l,
QˆL, i = 1, 2, . . . , k
′ − 1(i 6= k) with j = l, i = 1, 2, . . .
, k − 1 with j = l′, j = 1, 2, . . . , l′(j 6= l)
with i = k, j = 1, 2, . . . , l − 1with i = k′,
Qˆn, otherwise,
(41)
where k < k′ and l < l′. Then we get
SprQˆ
a2
A¯A(k, l
′; k′, l) = λa[(k − 1)(1− λa)
Ω−l−l′+5(Qˆn)
l−1QˆL(Qˆn)
l′−l−1QˆL(Qˆn)
A−l′
+(1− λa)
Ω−l+3(QˆL)
l−1Mˆ0(QˆL)
l′−l−1Aˆ(Qˆn)
A−l′
+(k′ − k − 1)(1− λa)
Ω−l+4(Qˆn)
l−1QˆL(Qˆn)
lA−l
+ (1− λa)
Ω−l′+3(QˆL)
l−1Aˆ(Qˆn)
A−l + (A− k′)(1 − λa)
Ω−l−l′+3(Qˆn)
A]. (42)
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If the annihilation term of order λ2a is characterized by Qˆ
a2
A¯A, we get
Qˆ
a2
A¯A =
A−1∑
k=1
A−1∑
l=1
A∑
k′=k+1
A∑
l′=l+1
[Qˆ
a2
A¯A(k, l; k
′, l′) + Qˆ
a2
A¯A(k, l
′; k′, l)].
¿From Eqs.(40) and (42), we may calculate the single-particle distributions of
N¯ and ML in the projectile fragmentation regions of A¯ by means of the following
relations:
ρA¯AN¯,a2(
~b, α) =< N¯ |SprQˆ
a2
A¯A|N¯ > − < passing − through term >,
ρA¯AML,a2(
~b, α) =< ML|SprQˆ
a2
A¯A|N¯ > .
(δ) Annihilation terms of order λAa
We consider the annihilation collision of order λAa . We investigate the single-
particle distribution of the leading mesonML. We estimate the following two cases:
(1) Qˆ
aA,I
A¯A whose matrix elements Qˆ
aA,I
ij are defined by
QˆaA,Iij =
{
Aˆ, i = j,
QˆL, i 6= j,
(43)
where i = 1, 2, . . . , A and j = 1, 2, . . . , A. Then we get
SprQˆ
aA,I
A¯A = λ
A
a
A−1∑
l=0
(QˆL)
lAˆ(QˆL)
A−l−1. (44)
(2) Qˆ
aA,II
A¯A whose matrix elements Qˆ
aA,II
ij are defined by
QˆaA,IIij =


Aˆ, i+ j = A+ 1,
Mˆ0, i = 1, 2, . . . , A− 1 and j = 1, 2, . . . , A− i,
Qˆn, i = 2, 3, . . . , A and j = A− i+ 2, . . . , A.
(45)
Then we get
SprQˆ
aA,II
A¯A = λ
A
a
A−1∑
l=0
(1 − λa)
1
2
(A2+A)−l−2(Mˆ0)
lAˆ(Qˆn)
A−l−1. (46)
Taking the < ML| . . . |N¯ > matrix element of Eq.(44), we obtain
ρA¯AML,aA,I(x) =
∫
d~b
A−1∑
l=0
l∑
s=0
A−l−1∑
t=0
λa(~b)
APLs (l;
~b)PLt (A− l − 1;
~b)
×
∫ 1
x
dy1
y1
∫ 1
y1
dy2
y2
∫ 1
y2
dy3
y3
L(s)(
x
y1
)A(
y1
y2
)N¯ (t)(y3). (47)
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While we take the < ML| . . . |N¯ > matrix element of Eq.(46), we obtain
ρA¯AML,aA,II(x) =
∫
d~b
A−1∑
l=0
l∑
s=0
A−l−1∑
t=0
λa(~b)
A(1− λa)
1
2
(A2+A)−l−2Pms (l;
~b)
× P¯t(A− l − 1;~b)
∫ 1
x
dy1
y1
∫ 1
y1
dy2
y2
∫ 1
y2
dy3
y3
M (s)m (
x
y1
)A(
y1
y2
)F¯ (t)(y3), (48)
where Pms (l;
~b) =
(
l
s
)
ηm(~b)
l−sλm(~b)
s.
We obtain the similar results for the target fragmentation regions(x < 0).
5 Conclusion and Discussion
We have investigated the single-particle distribution of N , N¯ and ML in A-
A and A¯-A collisions on the basis of EMCM. By introduction of the operator
matrix with the rule of the sum decomposition, a unified treatment of A-A and
A¯-A collisions at high energy is given. The analytic forms of the single-particle
distribution of the inclusive process A(A¯) +B → C +X are derived.
We have mainly discussed the peripheral reactions. The introduction of the non-
peripheral reactionML+N(N¯)→ N(N¯)+ML+ hadrons gives the contributions of
the higher order of λa to the inclusive distributions of A¯-A collisions. Furthermore,
the inclusive distributions of the secondary particles and the transverse momentum
distribution are the unsolved problems. Also, the investigation of the relation to
the Monte Carlo simulation models is one of the interesting problems in future.
Appendix Definition and properties of operator matrix OˆAB(α)
The operator matrix OˆAB(α) in the moment space is defined as the rectangular
or square array of the operators Oˆij(α) with A rows and B columns
OˆAB(α) =


Oˆ11(α) Oˆ12(α) · · · Oˆ1B(α)
...
...
. . .
...
OˆA1(α) OˆA2(α) · · · OˆAB(α)

 . (49)
The operator matrix OˆAB(α) has the following properties:
(i) The multiplication of Oˆij(α) by the scalar quantity(probability) aij is defined
by


a11Oˆ11(α) · · · a1BOˆ1B(α)
...
. . .
...
aA1OˆA1(α) · · · aABOˆAB(α)

 = A∏
i=1
B∏
j=1
aij


Oˆ11(α) · · · Oˆ1B(α)
...
. . .
...
OˆA1(α) · · · OˆAB(α)

 . (50)
(ii) The rule of the operator addition is defined by
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

Oˆ11(α) + Pˆ11(α) Oˆ12(α) · · · Oˆ1B(α)
Oˆ21(α) Oˆ22(α) · · · Oˆ2B(α)
...
...
. . .
...
OˆA1(α) OˆA2(α) · · · OˆAB(α)


=


Oˆ11(α) Oˆ12(α) · · · Oˆ1B(α)
Oˆ21(α) Oˆ22(α) · · · Oˆ2B(α)
...
...
. . .
...
OˆA1(α) OˆA2(α) · · · OˆAB(α)

+


Pˆ11(α) Oˆ12(α) · · · Oˆ1B(α)
Oˆ21(α) Oˆ22(α) · · · Oˆ2B(α)
...
...
. . .
...
OˆA1(α) OˆA2(α) · · · OˆAB(α)

 . (51)
(iii) The sum decomposition rule of OˆAB(α)
(a) The sum of the products of the row elements(SprOˆAB(α))
SprOˆAB(α) ≡
A∑
i=1
B∏
j=1
Oˆij(α). (52)
(b) The sum of the products of the column elements(SpcOˆAB(α))
SpcOˆAB(α) ≡
B∑
j=1
A∏
i=1
Oˆij(α). (53)
The factorization rule of Eq.(50) is very important. From Eq.(50), we may
calculate the event probability in A-B collisions correctly.
Notice that the sum decomposition rule must be used after the scalar factors
aij are taken outside. Namely, for Eq.(50), we have
Spr


a11Oˆ11(α) · · · a1BOˆ1B(α)
...
. . .
...
aA1OˆA1(α) · · · aABOˆAB(α)


=
A∏
i=1
B∏
j=1
aijSpr


Oˆ11(α) · · · Oˆ1B(α)
...
. . .
...
OˆA1(α) · · · OˆAB(α)

 . (54)
For Eq.(51), we have
Spr


Oˆ11(α) + Pˆ11(α) Oˆ12(α) · · · Oˆ1B(α)
Oˆ21(α) Oˆ22(α) · · · Oˆ2B(α)
...
...
. . .
...
OˆA1(α) OˆA2(α) · · · OˆAB(α)


= Spr


Oˆ11(α) Oˆ12(α) · · · Oˆ1B(α)
Oˆ21(α) Oˆ22(α) · · · Oˆ2B(α)
...
...
. . .
...
OˆA1(α) OˆA2(α) · · · OˆAB(α)


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+Spr


Pˆ11(α) Oˆ12(α) · · · Oˆ1B(α)
Oˆ21(α) Oˆ22(α) · · · Oˆ2B(α)
...
...
. . .
...
OˆA1(α) OˆA2(α) · · · OˆAB(α)

 . (55)
Also, Eq.(53) satisfies the similar relations. According to these rules, it is easy
to show the following relations for Eq.(49) with Oˆij(α) = Qˆ0(α) for i = 1, 2, . . . , A
and j = 1, 2, . . . , B where Qˆ0(α) = ηGˆ(α) + λJˆ(α):
Spr


Oˆ0(α) Oˆ0(α) · · · Oˆ0(α)
...
...
. . .
...
Oˆ0(α) Oˆ0(α) · · · Oˆ0(α)

 = A(η + λ)AB−B(Qˆ0(α))B . (56)
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